In this paper, vibration control of a safe arm with passive compliant joints and visco-elastic covering for a human-friendly service robot is presented. The passive compliant joint (PCJ) is designed to passively attenuate the applied force. The rotary spring gives the arm compliant property, and yet it can be a source of vibration. We use an input-preshaping method which is motivated by the input shaping technique (IST) based on impulse responses. Experiments prove that both of fast motion and force attenuation of the safe arm can be achieved.
Introduction
Building a safe robot manipulator and performing high-speed manipulation is a trade-off when speed and precision are considered (1) (2) (3) . The less stiff compliance we use in a robot arm, the more difficult the arm has fast motion. In our previous work (4) , a safe arm of a service robot was developed. In order to have a safe interaction in a human-robot environment, the arm has passive compliant joints composed of a magneto-rheological rotary damper and rotary springs. Despite of the guaranteed safety, unwanted vibration can occur because of springs included in the PCJ during fast joint motion. Although the damper of the PCJ partly suppresses vibration, quick motion cannot be performed without vibration. This vibration can cause unstable motion or collision to the environment, which degrades safety. In this paper, we propose a new method to enhance performance of our safe manipulator by vibration control based on input preshaping. The Input Shaping Technique(IST) (5) based on impulse responses is considered to solve a problem of vibration, because of its simple structure and high efficiency. The IST is an excellent solution to reduce vibration for a linear time invariant(LTI) system, however it is not so effective for a non-linear or a time varying system and the safe arm is a time varying system in which its inertial properties change according to the arm configuration.
Although it is almost impossible to find the exact timing of the second impulse for a time varying system, there have been approaches to find the sequence. Park proved that a proper IST filter with two impulses can eliminate a residual vibration of a time invariant system (6) . Rappole (7) applied a time varying input shaping technique(TVIST) to a two link flexible manipulator, and Park (8) proposed a practical method of the TVIST to reduce vibration of an industrial robot. The former used a look-up table which contained information on configuration-dependent frequencies, while the latter had a simple equation relating a period of vibration to a length from the swing axis to the wrist axis. Although these methods reduce vibration of a time varying system, an estimation of timing of the second impulse time is always incorrect because of dynamics of a manipulator. Motivated from the IST based on impulse responses, we design a new algorithm to reduce vibration at both the start and the end position. With the developed safe arm and the proposed control method, experiments for vibration reduction are performed to verify that vibration reduction is successfully achieved.
This paper is composed of five sections. In Section 2, we introduce how to design the 6-dof safe arm including three PCJs. In Section 3, the input preshaping method for vibration reduction of the PCJ is proposed as a controller for the safe arm. Experiments on vibration control by the proposed input preshaping method are shown in Section 4. Finally, we conclude this work in Section 5.
Safe Arm Design
We introduce a passive compliant joint with a magneto-rheological damper and a spring. With the PCJs and soft cover, we show a 6DOF arm for a service robot. The details of the arm are in Ref. (4) . 
Passive Compliant Joint Design
A schematic design and components of a passive compliant joint(PCJ) is shown in Fig.  1 . It consists of a magneto-rheological (MR) rotary damper and a rotary spring. In the PCJ, a MR rotary damper is introduced for damping effect. The PCJ has a resolver sensor with 16-bits high resolution to read the relative position between the housing and the next link due to the spring displacement. The relative position is converted into a relative velocity signal by a numerical differentiation and a filtering. Then the velocity is sent to a damping tuner which converts Coulomb friction property of the MR fluid into viscous one which makes the dynamic system linear. Note that the damper and spring are located in parallel between the housing and next link.
Safe Arm Design
By integrating the MR-based passive compliant joints and the visco-elastic covering, a new safe arm is developed for service robot applications. A six-dof safe arm with 3Kg-payload, 30kg weight and 1m reach has been developed as depicted in Fig. 2 . This arm is used for the PSR-2 (Public Service Robot) developed at the KIST (Korea Institute of Science and Technology). Taking account of the weight increase of the arm due to the weight of MR dampers and springs, PCJs are adopted only to three joints in the lower part of the 6-dof service robot arm. The three PCJs give the arm compliance into the three 
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Controller Design: Input Preshaping Method for the Safe Arm
Although the PCJ enables passive compliance, it also can be a source of unwanted vibration and deflection by gravity. They can cause unstable motion or inaccuracy of the joint angle. In particular, big amount of residual vibration can occur during fast rotation of the PCJ. To cope with this problem, we design a vibration controller based on the input shaping technique.
Estimation of Time Varying Period of Vibration from PCJs
As an effective solution to reduce this vibration, an input shaping technique(IST) based on impulse response was proposed (5) . The IST uses two impulses to eliminate residual vibration. Figure 3 shows how the IST works with two impulse responses. If the second impulse time is properly selected, the superposed response will have no vibration after the second impulse. The IST is a simple filter since two impulses are convoluted with a desired trajectory or an open loop control input. For this time varying input shaping technique(TVIST), we need to know periods of vibration in all configurations that the arm can have in its workspace. Note that it is proved that a proper IST filter with two impulses can eliminate a residual vibration of a time invariant system (6) .
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A dynamic equation of the i-th PCJ of the safe arm excluding gravity is as follows:
where J i is a inertia term, C is a Coriolis and centrifugal term, K i is a spring constant, θ mi is a motor angle of i-th axis and τ i is a control torque. A period of vibration for the i-th PCJ can be expressed as follows:
Because the safe arm is a serial manipulator, a period of vibration for each joint is function of the next joint angles assuming a spring constant is time-invariant. We consider the period of vibration for the third joint as a constant because change of inertia along the wrist configuration is comparably small. Therefore, time varying ISTs for the first and second joint are needed. In this paper, vibration control of the second joint is only implemented since the same method can be applied to the first joint. 
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are experimentally measured. In Fig.4 , the period of vibration for the second joint according to the third joint angle is shown. We can expect the period of vibration is proportional to square root of cosθ 3 because inertia is proportional to the square root of cosθ 3 . The curve of period of vibration is a function of cosθ 3 as follows:
where α = 0.2, β = 0.22, θ ο = 30°.
We can make a table of the period of vibration along each joint configuration using obtained data. When controlling the PCJ, we can use the table or the equation. Although this paper deals with only the case of no-payload, we can extend the method for any payload conditions by measuring the vibration periods with various payloads and interpolating values from the curve equations.
Modified TVIST
In previous TVISTs, a controller estimates the second impulse timing by comparing a joint configuration with measured periods of vibration. Even if the estimation is correct and the measured data are exact, however, there will be still a little vibration because of timing error due to dynamics of the system. When inertia increases, the second impulse occurs later than the correct timing as shown in Fig.5 .
Fig.5 Estimation error of the second impulse timing
To compensate this error, we propose to estimate the second impulse time as a mean of the measured parameters at the start and the end. The proposed method gives better result unless dynamics is faster than a changing rate of the impulse timing. We have found the dynamics of the developed manipulator is not fast enough that our estimation holds. Furthermore, it will give a perfect result if the square root of inertia changes linearly. For this, the inertia change of our manipulator shows approximately linearly since time between the impulses is very short compared to the joint trajectory.
Then the second impulse time guessed at the motion-start as follows: 
Input Preshaping Method for the safe arm
Generally, there are two phases of vibration during the motion of a flexible joint. The first one is excited by start motion, and the second is by end motion. In Fig.6 , a simulation result is shown when the second axis moves by 30 degree during one second. Looking at the right part of the drawing carefully, we can find that there are two kind of vibration; the first one is started at zero second, and the second is started at one second which is the beginning of the steady state. Two vibrations have different frequencies since the safe arm is a time varying system. Therefore, we need two different IST filters to eliminate both of vibration. We design a proposed TVIST filter for the first vibration, and a conventional IST filter for the 2nd vibration because the system is almost time invariant when the joint motion reaches the steady state.
Simulation results are shown In Fig.7 . Figure 7 (a) results from a controller with a modified TVIST, and Figure 7 (b) comes from a conventional IST for the second vibration.
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We can see the modified TVIST eliminates the first vibration but second vibration, and the conventional IST can eliminate only the second vibration. In case of a linear time invariant system, we can easily eliminate both of vibration by using a merged IST filter by convoluting the first IST filter to second one. However, this principle does not work in case of a linear time varying system. Now we propose a new input-preshaping method for the safe arm. We already have IST parameters of each vibration that are composed of each magnitude of two impulses and the second impulse timing. All parameters we need to know are listed as follows:
A 
to guarantee the same steady-state value. We set a new trajectory which is convoluted by the impulses as follows:
t R A t A t T u t T t T t R B t B t T u t T T t
where T f is the time of steady state point and θ d is a original desired trajectory and R is set to satisfy the following:
, therefore the total displacement of the reference trajectory is the same as that of the shaped one. Note that the final displacement of the joint is maintained by R.
, and
( 1 1 ) which is a step function to enable the effect of the impulses. All calculations are executed off-line, not a real-time estimation. If a reference trajectory is given, we can estimate all parameters from the frequency and joint configuration table. Figure 8 shows a simulation result using proposed input preshaping method. You can see that simple change of the reference input make clear response without vibration. The proposed method gives better result than that of both time invariant and time varying input shaping filters because this reflects not only time varying property of the system but also the
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Experimental Results
We prove the proposed input preshaping by experiments with the safe arm. Vibrations of the second and third joint are successfully suppressed with the IST and the proposed controller.
As for the set-up, a PC-based UMAC motion controller (9) is used for controlling the six-dof safe arm, and MR dampers are independently controlled. Encoder signals are sent to PC via USB and RS-232C port. (5) An experiment of rotating the third joint of the safe arm with the IST is presented in Fig. 9 . A desired trajectory is 60 deg/sec during a second. We have found that the frequency of the vibration is around 3Hz. The implemented IST reduces vibration from the 3rd axis dramatically. Note that the difference between the PCJ displacement of a starting point and steady state is caused by gravity of the link. As shown in Fig. 9 , IST works well even in gravity. A little amount of overshoot is still shown, but this is due to the inertia of the third
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Vol. 2, No. 2, 2008 link not to the vibration mode. After the second impulse timing, little vibration is shown. Fig.10 Change of joint configuration during the experiment With the proposed TVIST controller, an experiment of rotating the 2nd axis with varying effective inertia is performed. The joint moves from 30 degree to zero degree, while the third joint rotates from -30 degree to +30 degree as shown in Fig.10 . With a given trajectory and the table of periods of vibration versus joint configurations, we can expect that the frequency of vibration varies from 1.85Hz to 1.55Hz. A trajectory by the proposed algorithm is generated and tested. Figure 11 shows the preshaped input and the vibration of the second PCJ. The controller with the preshaped input clearly suppresses both of vibration including vibration of starting motion and ending motion. 
30°
Conclusion
In this paper, we propose a new input preshaping controller for a safe arm that has passive compliant joints with springs and dampers and a soft cover. Two modes of vibration are caused by starting motion and by ending motion, and a reference trajectory is shaped to reduce the vibration by the proposed controller. Parameters of impulse sequences by the
